The average daily maximum temperature for the coldest month during the winters of 1977 -1978 and 1978 Turkey and Lesbos (1979-1980), African horse sickness (AHS) virus in Spain (1987Spain ( -1990 (1987)(1988) 
INTRODUCTION
Various theories have been proposed for the survival of bluetongue (BT), African horse sickness (AHS), epizootic haemorrhagic disease of deer (EHD) and Akabane viruses during adverse climatic conditions in the field ("overwintering"). These viruses could survive through persistent infection of the vertebrate host or in infected Culicoides spp. (either in the adult or by transovarial transmission); alternatively, the viruses could be reintroduced by movement or migration of vertebrate hosts, or through carriage of infected Culicoides on the wind (or other means of transport) from places where climatic conditions are suitable. During outbreaks of BT in western Turkey between 1977 and C. variipennis Jones (22, 23) and Nelson and Bellamy (37) found that C. variipennis fed at temperatures from 13°C to 32°C, but that temperatures below 10°C appeared to suppress flight. Depending on the season (summer or autumn), large catches were made between 17.5°C and 29.5°C.
C. brevitarsis
Murray (36) found that fewer C. brevitarsis were caught when the temperature was below 18°C, and laboratory studies indicated that the threshold for flight was approximately 18°C, although some activity was noted at 10°C, 13°C and 16°C.
Temperature conditions for long-distance flight of Culicoides
There is circumstantial evidence for long-distance wind-borne flight of Culicoides infected with AHS, BT, EHD, Akabane or Chuzan viruses (18, 35, 40, 41, 42, 43, 44, 45, 46, 47) . Such flights could have been made by C. schultzei, C. oxystoma or C. insignis as well as by any of the species mentioned above. The flights were associated with temperatures (from sea level to a height of 1,500 m) of 15-25°C (AHS), 12.6-30°C (BT), 12.6-19°C (EHD) and 17-28°C (Akabane).
These findings indicate that the temperatures for the activity of the Culicoides species mentioned lie between 12.6°C and 32°C, with most activity occurring between 18°C and 29°C.
Distribution of Culicoides
Information on the geographical distribution of Culicoides was obtained from the following reports and papers:
-world-wide (56; J. Boorman, personal communication, 1992) -in North America (57) -in Europe, Asia and Africa (6, 7, 21, 30, 31, 32, 38, 49, 54) -in Australasia (15, 36, 48) .
Conditions for persistence
In order for a virus to persist during the cooler months, circulation of virus should continue between vectors and hosts. There should also be sufficient numbers of adult Culicoides, in which the virus multiplies and which transmit virus to new hosts without necessarily causing overt disease. The numbers of adult Culicoides depend partly on the survival of adults from the previous season and partly on recruitment from developing larvae.
RESULTS

Turkey (1977-1979)
Bluetongue due to serotype 4 virus was first diagnosed in sheep near Aydin on 24 October 1977 and cases occurred up to 16 December (5) . No further clinical cases were observed until October 1978, when disease was again diagnosed in sheep in Aydin province. Disease then occurred in Izmir, Manisa and Balikesir provinces, lasting until December. In August 1979, disease reappeared and was seen in Izmir, Manisa, Çanakkale, Istanbul, Kocaeli, Denizli and Antalya provinces (58) .
There is circumstantial evidence that BT virus serotype 4 was introduced into Aydin in October 1977 by infected Culicoides carried on the wind from Cyprus (45 The temperatures between which activity of adult Culicoides regularly occurs are 18°C and 29°C; there is less activity between 13°C and 17°C (see "Materials and Methods"). Table II > 18  0  0  0  > 13  45  61  58  February  >18  14  14  11  >13  61  75  79  March  > 18  39  19  35  >13  81  87  87   November  > 18  13  17  7  >13  100  100  100  December  > 18  29  23  26  > 13  74  71  74   1979  January  > 18  16  6  6  > 13  48  55  52  February  >18  25  32  25  >13  61  68  61  March  > 18  55  45  39  > 13  87  94  87 A "weighted degree day" (DD) value may be obtained by giving a score of 6 to days with maximum temperatures of 18-29°C and scores of 1 to 5 to temperatures of 13-17°C and dividing the total by the number of days in the month. The minimum DD value for Samos, in 1977-1978, was 1.39 (maximum of 6); for Izmir and Khios, in 1978-1979, the minimum DD value was 2.13 and 2.03, respectively (Table III) 
Turkey and Greece (1979-1980)
Bluetongue disease in sheep was not seen in western Turkey in 1980, but BT virus was isolated from a calf in Aydin province in October 1980 (58) . On the island of Lesbos, off the west coast of Turkey, bluetongue disease occurred in sheep from October to December 1979 (53), but no disease was seen in the following year. To estimate whether BT virus could have persisted in adult Culicoides, temperatures in Aydin, Izmir, Samos and Khios and in Mitilini on Lesbos (39.06°N, 26.33°E) were examined.
In 1979-1980 in Aydin, the average daily maximum temperature for January was 11.6°C and for February 13.3°C, the percentage of days >13°C was 39% (January) and 52% (February); the weighted DD values were 0.9 and 1.66 respectively; from November to March there were 45 days with maximum temperatures below 13°C, the longest run being 8 days. In Samos, the average daily maximum temperature for January was 12.6°C and for February 12.2°C; the percentage of days >13°C was 45.2% (January) and 44.8% (February); the weighted DD values were 1.4 and 1.1 respectively; from November to March there were 49 days with maximum temperatures below 13°C, the longest run being 11 days. For Izmir, the figures for January and February were as follows: 10.6°C and 11.7°C, 29% and 41%, and 0.74 and 0.83; there were 59 days with temperatures below 13°C, the longest run being 13 days. For Khios, the figures for January and February were: 11.6°C and 11.3°C, 35% and 31% and 1.1 and 1.0; there were 58 days with temperatures below 13°C, with the longest run being 19 days.
In Mitilini, on Lesbos, the average daily maximum temperature for January and February was 10.6°C for both months, the percentage of days >13°C was 23% and 31%, respectively, and the weighted DD values were 0.7 and 0.6, respectively; there were 68 days with maximum temperatures <13°C and the longest run was 18 days.
The findings for Izmir, Khios and Mitilini indicate that BT virus was unlikely to have persisted through a succession of transmissions by Culicoides in Izmir province or on Lesbos during the winter of 1979-1980. However, persistence might have occurred in Aydin province. In January on Samos and in February in Aydin, the lowest maximum temperature, the percentage of days with temperatures >13°C and the weighted DD values were within the conditions suggested for virus survival. However, the number of days with temperatures < 13°C and, in the case of Samos, the number of consecutive days with such temperatures were higher than suggested.
Spain (1987-1990)
African horse sickness virus serotype 4 was introduced to Spain, in July 1987, by zebras imported from Namibia to a safari park near Madrid (29) . The disease persisted in the Madrid/Toledo area into October. In October 1988, AHS reappeared in Cadiz province, spread to Malaga province and persisted until December. The disease reappeared again in July 1989 in Cadiz province and subsequently in Seville, Huelva, Cordoba and Badajoz provinces. AHS also spread to Portugal and Morocco, the first cases occurring in September 1989. In 1990, disease was first observed in Malaga province in August and also reappeared in Morocco (29) . In 1991, there were no reports of AHS in Spain and Portugal but the disease recurred in Morocco.
There is no evidence of reintroduction of AHS into Spain in 1988 or 1989; thus the virus most probably persisted during the cooler months by circulating between equine hosts (horses, mules and asses) and adult Culicoides. In 1990, the virus could have come from Morocco, where it had persisted during the cooler months, or it could have persisted in equine hosts and Culicoides as for the previous two years.
The daily maximum temperatures for the following periods were examined at the stations indicated: It can be seen that the findings from Badajoz, Cordoba, Seville, Huelva, Jerez de la Frontera, Tarifa and Malaga meet the conditions for persistence found in western Turkey, but not the findings from Madrid, Toledo and Ciudad Real; findings from Caceres are on the borderline. This suggests that AHS virus could have persisted through a succession of transmissions in adult Culicoides during the winter of [1987] [1988] in the provinces of Huelva, Seville, Cordoba and Cadiz (valley of the river Guadalquivir) and in the province of Badajoz (valley of the river Guadiana). It may also have persisted in the province of Caceres in the valley of the river Tagus. This can be compared to overwintering of BT virus in 1956-1957 (11) . Table VI shows the findings for Jerez de la Frontera, Tarifa, Malaga and Huelva for 1988-1989 (not Huelva) and [1989] [1990] . These data indicate that AHS virus could have persisted through a succession of transmissions in adult Culicoides in these areas during these two winters. In these areas, C. imicola has been found to be active throughout the winter months (32) . Also shown in Table VI are figures for the winter of 1990-1991, which was colder than the previous two winters, although the findings still meet the conditions for persistence found in western Turkey. Epizootic haemorrhagic disease of deer (EHD) due to serotype 2 virus and BT due to serotype 11 virus caused infection and disease in domestic and wild ruminants in the Okanagan Valley, British Columbia, in the summer and autumn of 1987 (13) . The viruses were most probably introduced into the valley by infected Culicoides carried northward on the wind (47) . There was a recrudescence of infection by both viruses at the beginning of August 1988 (14) . This could have been due to the persistence of virus in ruminants or Culicoides; alternatively, the viruses could have been reintroduced from areas further south by infected Culicoides carried on the wind, by movement of wild ruminants or by a combination of both mechanisms. There was circumstantial evidence that the recrudescence could have arisen from the reintroduction of infected Culicoides carried by the wind (47).
The daily temperatures in Penticton (49.28°N, 119.36°W) , which is located in the Okanagan Valley, were consulted. Table VII shows the average daily maximum temperatures for the months from August 1987 (when EHD virus was introduced) to July 1989 (one year after the 1988 episode) as well as the percentage of days per month with maximum temperatures >18°C and >13°C. The percentage of days during the summer with maximum temperatures >30°C is also given, and the temperatures on those days are also taken into account in calculating the weighted DD value. In addition to the scores for 18-29°C and for 13-17°C, the DD value is calculated using the following scores for daily maximum temperatures: 30°C = 5, 31°C = 3 and 32°C = 1; no score was given for temperatures >33°C.
It can be seen that the average daily maximum temperature, the percentage of days with maximum temperatures >13°C and the weighted DD value for the periods from November 1987 to March 1988 and from November 1988 to March 1989 did not satisfy the conditions for persistence of virus through a succession of transmissions in adult Culicoides, such as were found in western Turkey. In addition, maximum temperatures <13°C were recorded on 163 days during the winter of 1987-1988 and on 156 days during the winter of 1988-1989; during the same periods, the greatest number of consecutive days with such temperatures was 108 and 84, respectively.
In view of these findings, it is unlikely that EHD and BT viruses persisted in adult Culicoides during the winter of 1987-1988. However, virus could have persisted in California during this period; the average daily maximum temperatures at Bakersfield (35.25°N, 119.03°W) for the cooler months were over 12.5°C.
Temperatures > 18°C and >30°C
Temperatures >18°C were not taken directly into account in determining the conditions for persistence of virus in Culicoides, although they contributed to the calculation of the weighted DD value. In southern Spain, there were from two to six days at Jerez de la Frontera and three to eleven days at Malaga when daily maximum temperatures >18°C were recorded during the coldest month.
The weighted DD values calculated for British Columbia for summer months with daily maximum temperatures >30°C do not give a completely true picture, since during the days when the maximum is over 30°C there are periods when the temperatures lie between 18°C and 29°C and flight of Culicoides would have been possible. This is not the case when the DD value is calculated with temperatures 18°C and below, since on the days with temperatures <13°C flight is unlikely to have occurred. However, where hourly temperatures are recorded, calculation of a weighted degree hour (DH) value is possible and this can give an assessment of the likely activity throughout a particular day. For example, at Penticton in 1988, on 26 July the maximum temperature was 36°C, there were 9 hours with temperatures >30°C and the DH value was 3.75; on 14 August, the maximum temperature was 29.3°C, there were no hours with temperatures >30°C and the DH value was 5.42, indicating that (based on temperature alone) there could have been greater activity of Culicoides on the latter date. 
Temperatures < 0°C
In laboratory experiments, Nevill (38) found that 14.5% of C. imicola adults survived for 15 days in a refrigerator at temperatures as low as -1.5°C. In the field, Culicoides survived for up to 51 days at temperatures between -1.1°C and 26.7°C provided there was access to water. In the laboratory at 26°C, a maximum survival of 63 days was found.
Over a short period, temperatures of 0°C or slightly below do not appear to affect survival of Culicoides, although they clearly affect activity. In [1977] [1978] It would appear that a fall in daily maximum temperature of 4°C or more could lead to the cessation of clinical cases within seventeen days. In some parts of the world, this fall in temperature could coincide with the first heavy frosts of the season. However, the analysis of temperatures in western Turkey suggests that cycles of infection could continue, leading to persistence of virus during the colder months, provided daily maximum temperatures do not fall below 13°C for more than ten consecutive days.
Geographical limits of continuous transmission by Culicoides infected with viruses
In the investigations on persistence of virus in Culicoides in Western Turkey (1977) (1978) (1979) , the average daily maximum temperature of the coldest month of the year was 12.5°C. Examination of the tables of temperature, relative humidity, precipitation and sunshine for Izmir (Part V, Asia) (33) showed that for the period 1864-1883,1890-1918 and 1924-1949 the average daily maximum temperature for January was 55°F (12.77°C), a value close to that found in the present investigations. The tables of temperature for the world were examined for the average daily maximum temperature of the coldest month, usually January in the Northern Hemisphere and July in the Southern Hemisphere (33) . For each continent, lines were plotted to join the stations in each hemisphere where the lowest average daily maximum temperature was recorded as >12.5°C. Similarly, lines were plotted to join stations with 18°C; bigger catches of Culicoides had been made at temperatures >18°C (22, 23, 36, 37) .
Maps were drawn to show the isotherms of 12.5°C and 18°C in the following areas: -Turkey and the Middle East (Fig. 1 ) -Europe and North Africa (Fig. 2) Average daily maximum temperature >18°C in coldest month
FIG.l
Map of Turkey and the Middle East indicating two isotherms
-Europe, North Africa, the Middle East and the Indian subcontinent (Fig. 3 ) -North America (Fig. 4). A map of the world (Fig. 5) was also drawn up to show these isotherms, together with the most northerly and southerly distribution of disease, virus or antibody resulting from infection with AHS, BT and EHD viruses. (Figs 1 and 3) The location of the 12.5°C and 18°C isotherms in these regions confirms the suggestion that different ecosystems exist, namely one involving the Jordan Valley, Bekaa Valley and Orontes Valley and another involving the Tigris-Euphrates Valley (41, 50, 51) . The areas where persistence of AHS virus occurred in Iran (along the Persian Gulf and in Kerman Province) (1959) (1960) , in Pakistan (1959 Pakistan ( -1960 and India (1960) (1961) , were all south of the 12.5°C isotherm (3, 42) . (Figs 2 and 3) In Spain and Portugal, the 12.5°C isotherm corresponds closely to those areas where adult C. imicola are known to be present throughout the year (29, 30, 31, 32) . The isotherm also includes provinces where BT virus could have persisted through the winter of 1956-1957 (11, 26, 27) . In North Africa, the isotherm covers areas in Morocco and Algeria where AHS virus persisted in 1965-1966 and 1989-1991 (4,25,29) .
Turkey, the Middle East and the Indian subcontinent
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Average daily maximum temperature >12.5°C in coldest month Average daily maximum temperature >18°Cin coldest month Average daily maximum temperature >12.5°C for 7 months of the year
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Map of Europe and North Africa indicating three isotherms
Southern Europe (Figs 2 and 3) The 12.5°C isotherm includes parts of Greece, Italy, Sardinia, Corsica and southern France, where overwintering of adult Culicoides should be possible. C. imicola has not been caught in these countries, apart from on the Greek islands of Lesbos, Khios and Rhodes off the west coast of Turkey (6; RS. Mellor, unpublished findings, 1991). (Figs 4 and 5) The 12.5°C isotherm lies along the 33-34°N latitude (except in California), whereas evidence of BT and EHD infection has been found as far north as the 49°N latitude in the west and the 43°N in the east (10) . Viraemia occurs for one month and sometimes as long as three months in cattle (8, 17, 20) and the isotherm passing through places with Average daily maximum temperature >18°C in coldest month 
North America
Map of North America indicating four isotherms
Northerly and southerly limits of occurrence of bluetongue, epizootic haemorrhagic disease of deer, African horse sickness and Akabane infection Average daily maximum temperature >12.5°C in coldest month
Average daily maximum temperature >18°C in coldest month
Map of the world nine months of average daily maximum temperatures >12.5°C lies along the 37-38°N latitude. Since transovarial transmission has not been demonstrated, it is likely that infection north of these isotherms results from movement of ruminants, carriage of infected Culicoides on the wind or a combination of both methods. The distribution of members of the C. variipennis complex has been described by Wirth and Morris (57).
South America (Fig. 5) The 12.5°C isotherm lies to the south of the known limits of C. insignis distribution in southern Brazil, Uruguay and northern Argentina (56) . The 18°C isotherm better reflects the known southernmost distribution of C. insignis. In areas which are further north than the southernmost limit of C. insignis, evidence of infection with BT virus has been found in Brazil and Paraguay but not in northern Argentina (39) .
Southern Africa (Fig. 5) The 12.5°C isotherm includes the areas where BT and AHS have been found. The 18°C isotherm probably includes those areas where the viruses are likely to persist from year to year.
Eastern Asia (Fig. 5) The 12.5°C isotherm indicates the areas in China, Taiwan and the Ryuku Islands where BT and EHD viruses could persist in Culicoides in the cooler months. It is likely that these viruses, together with Akabane and Chuzan viruses, are introduced to the main Japanese islands, northern China and Korea by infected animals or by infected Culicoides carried on the wind (18, 40) .
Australasia
The 12.5°C isotherm includes all of Australia (except Tasmania) and part of the North Island of New Zealand. The 18°C isotherm lies close to the 29-30°S parallel. In the west of Australia, the distribution of C. brevitarsis lies north of the 18°C isotherm; in the east, the southerly limit of C. brevitarsis lies between the 18°C and 12.5°C isotherms (15, 48) . Another vector of BT virus, C. wadai, was originally found only in northern Australia, north of the 25°C isotherm, but is now found south of the 18°C isotherm (48; M.J. Muller, personal communication, 1991) . This distribution reflects the extent of dispersal of these two species to and within Australia (15, 48) .
DISCUSSION
Isotherms have been used by other workers to delineate outbreaks of disease, e.g. western equine encephalitis (70°F), St Louis encephalitis (70°F) and dengue (64°F) (2, 19) . Mitchell (34) selected the average cold month isotherm of 10°C as the lower limit for continuous mosquito breeding activity and development during the winter. These isotherms were mean temperatures, whereas in the present investigation the isotherms were the lowest daily maximum temperatures at which Culicoides may be active.
The temperatures found for the activity of adult Culicoides in the laboratory and the field (12, 22, 23, 36, 37, 38, 54) agree closely with those derived from outbreaks involving the possible transport of Culicoides on the wind (18, 35, 40, 41, 42, 43, 44, 45, 46, 47) and those derived in the present analysis of persistence of BT virus in western Turkey. The isotherm for the lowest daily maximum temperature in the coldest month represents averages calculated from records collected for periods of up to 30 years. Hence, the temperatures vary from year to year. As a result, the locations which satisfy the conditions for virus persistence in Culicoides will vary, sometimes being further north (warmer in the Northern Hemisphere, cooler in the Southern Hemisphere) and at other times being further south (cooler in the Northern Hemisphere, warmer in the Southern Hemisphere) (28) . In western and southern Turkey, for example, mean temperatures in January 1989 were 1£.0-3.0°C below average; no Culicoides were caught during the cooler months in this area (9) . However, the temperature requirements for virus persistence in Culicoides obtained in this present analysis could be used as a basis for assessing the effect of variations in temperature (as a result of climatic change) on the distribution of disease, virus and Culicoides.
At temperatures of >12.5°C and >18°C north and south of the equator, local adult Culicoides are unlikely to be active all the time; light intensity, humidity, evaporation rates and wind speeds may be limiting factors (37) . In addition there may be insufficient natural breeding sites, although irrigation, the sinking of boreholes and the keeping of domestic animals has opened up areas for colonisation by Culicoides.
There need to be sufficient numbers of cattle present for persistence of BT virus in a Culicoides-cattle cycle in areas where the maximum temperature of the coldest month lies between 12.5°C and 18°C. In Cyprus, after the BT epidemic in 1977, evidence of fresh BT virus infection was not found until 1980 (51) . The density of cattle in Cyprus was 3.5 head per km 2 , whereas in areas where persistence occurred the density was 21.1 per km 2 (in Aydin province) and 17.5 per km 2 (in Izmir province). At temperatures >18°C, persistence of BT virus in areas of low cattle density is possible. For example, in Oman, where cattle density is 0.5 per km 2 , a continual cycle is maintained in goats and
Culicoides (1, 52) . The areas in the Southern Hemisphere where the viruses have persisted correspond better to the 18°C isotherm than to the 12.5°C isotherm. The 18°C isotherm may also be more appropriate for the persistence of Akabane virus, since the viraemia is of short duration in the vertebrate host and a continual cycle may be necessary to ensure its persistence. With AHS virus, the presence of zebras as well as asses and mules may be needed to ensure persistence of virus over many years.
The analysis of the temperatures for the persistence of viruses in Culicoides helps in understanding how control by vaccination may have been successful in eradicating disease and infection. For example in Spain and Portugal, which lie between the 12.5°C and 18°C isotherms, BT and AHS have been successfully controlled. In this area, the effects of disease, infection and vaccination have led to a reduction in the number of susceptible hosts. Thus, the successful completion of the Culicoides-host cycle during the cooler months has been hampered. The chances of reintroduction are slight, due to the geographical isolation of Spain, Portugal and the Maghreb by desert from endemic areas to the south of the Sahara. In western Turkey, where the temperature of the coldest month was 12.5°C, vaccination was successful in controlling BT, since the area is separated from infection in areas of south-eastern Turkey and the Tigris-Euphrates Valley by regions with average daily maximum temperatures less than 12.5°C. In the Indian subcontinent, the temperatures in the coldest month are >18°C; however, in the absence of a wild vertebrate host such as the zebra, vaccination was successful in controlling AHS, because the numbers of susceptible hosts had been reduced by natural infection and vaccination. In North America, Japan, Australia and Southern Africa, vaccination will protect individual herds and animals but is unlikely to lead to eradication of infection, since movement of infected animals or flight of infected Culicoides on the wind over long distances can lead to reintroduction of infection.
In North America, the northern boundary of infection with BT and EHD lies close to the isotherm joining places with temperatures >12.5°C for seven months of the year (Fig. 4) . On this basis, if BT or EHD virus were to be introduced into Europe and provided that competent species of Culicoides were also present (e.g. C. obsoletus, C. pulicaris, C. nubeculosus), the area which could experience an outbreak is extensive and stretches as far north as the southern half of the British Isles (Fig. 2) . However, as in North America, average maximum temperatures of <12.5°C during five consecutive months mean that under the prevailing conditions the viruses would be unlikely to persist in adult Culicoides during the winter months. However, should the temperatures rise as a result of "global warming" in the way predicted (55) , then persistence of BT, EHD and AHS viruses may become possible in western Europe and similar situations could occur in other parts of the world. Lesbos (1979 Lesbos ( -1980 , del virus de la peste equina en España (1987 España ( -1990 PALABRAS CLAVE: Clima -Culicoides -Hibernación -OrbivirusPersistencia -Temperatura.
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